Aims Most studies dealing with light partitioning in intercropping systems have used statistical models based on the turbid medium approach, thus assuming homogeneous canopies. However, these models could not be directly validated although spatial heterogeneities could arise in such canopies. The aim of the present study was to assess the ability of the turbid medium approach to accurately estimate light partitioning within grass-legume mixed canopies. † Methods Three contrasted mixtures of wheat-pea, tall fescue-alfalfa and tall fescue-clover were sown according to various patterns and densities. Three-dimensional plant mock-ups were derived from magnetic digitizations carried out at different stages of development. The benchmarks for light interception efficiency (LIE) estimates were provided by the combination of a light projective model and plant mock-ups, which also provided the inputs of a turbid medium model (SIRASCA), i.e. leaf area index and inclination. SIRASCA was set to gradually account for vertical heterogeneity of the foliage, i.e. the canopy was described as one, two or ten horizontal layers of leaves. † Key Results Mixtures exhibited various and heterogeneous profiles of foliar distribution, leaf inclination and component species height. Nevertheless, most of the LIE was satisfactorily predicted by SIRASCA. Biased estimations were, however, observed for (1) grass species and (2) tall fescue-alfalfa mixtures grown at high density. Most of the discrepancies were due to vertical heterogeneities and were corrected by increasing the vertical description of canopies although, in practice, this would require time-consuming measurements. † Conclusions The turbid medium analogy could be successfully used in a wide range of canopies. However, a more detailed description of the canopy is required for mixtures exhibiting vertical stratifications and inter-/intraspecies foliage overlapping. Architectural models remain a relevant tool for studying light partitioning in intercropping systems that exhibit strong vertical heterogeneities. Moreover, these models offer the possibility to integrate the effects of microclimate variations on plant growth.
INTRODUCTION
The intensive and specialized agricultural systems put in place during the last 60 years are widely criticized today because of their negative environmental impacts such as nitrogen leaching, soil erosion, loss of biodiversity and high consumption of fossil-derived energy (Giller et al., 1997; Griffon, 1999; Tilman et al., 2002) . Against this backcloth, research efforts have been requested to propose systems aimed to ensure sustainable agriculture. In this regard, alternative cropping systems have been explored, leading to renewed interest in crop mixtures, referred to as intercropping (Willey, 1979) . Growing two or more crops simultaneously in the same area is assumed to provide high and stabilized yields in terms of quantity and quality (Ofori and Stern, 1987) , to reduce the use of fertilizers and pesticides, and to enhance biodiversity conservation (for a review, see Malézieux et al., 2009) . Intercropping benefits result from a trade-off between complementarity (e.g. separate root and canopy areas) and competition processes (for light, water and nitrogen) that occur between the component crops. Among the contested resources, light, and in particular its partitioning between the components, appeared to be a key factor, determining the respective proportion of each species in the stand as well as their potential yield.
In the present state of the science and the technology, and due to experimental and cost constraints, light interception of each component within an intercrop cannot be directly measured with radiation sensors (Sonohat et al., 2002) , in particular for studies devoted to characterize the phylloclimate (Chelle, 2005) . Thus, the only current and feasible alternative is the modelling approach. To our knowledge, most studies dealing with intercropping systems are based on statistical models founded on the turbid medium analogy (Faurie et al., 1996; Lantinga et al., 1999; Tsubo and Walker, 2002; Tsubo et al., 2005; Awal et al., 2006) . In this paradigm, light transmission within a canopy is assumed to follow BeerLambert's law (Monsi and Saeki, 1953) , i.e. an exponential decrease as a function of the downward cumulative leaf area, LAI, and leaf geometrical properties, namely the extinction coefficient k. In the case of sole crops, light interception efficiency, LIE, can be written as follows:
As Beer -Lambert's law deals with light transmission, i.e. noninterception probability, it cannot be directly used to compute light partitioning amongst mixed species. However, Rimmington (1984) and then Sinoquet and Bonhomme (1991) demonstrated that light interception efficiency LIE i of species i in a mixture of n components depends on the interception of the whole canopy (right-hand side in eqn 1) weighted by its extinction coefficient, k i , and its contribution to total LAI, LAI i (Sinoquet et al., 2000) , such that:
One of the major assumptions underlying the turbid medium approach is that the canopy can be considered as a homogeneous and continuous medium where leaves are small and randomly distributed. Such a hypothesis could be questioned in intercropping systems which generally build up non-homogeneous canopies (Sinoquet, 1993) . Indeed, these systems present several planting patterns such as mixed cropping, row intercropping, and understorey or alley intercropping, thus leading to various spatial heterogeneities. Heterogeneities may be continuous or discontinuous (foliage overlapping or empty space between species, respectively), structured or unstructured (row crops or well-mixed canopies respectively). Moreover, intercropping systems generally include various species having their own (1) morphogenesis and phenology, and (2) radiation interception ability, given by the spatial distribution of LAI and leaf geometrical features. These contrasts might lead to various interand intra-species patterns of leaf dispersion, either random, regular or clumped (Nilson, 1971) . Light partitioning among component crops would also evolve during the growing cycle due to various dynamics of LAI establishment, thus leading to contrasted situations at canopy closure. Although the turbid medium approach has been widely used and assessed in the case of sole crops (Andrieu and Sinoquet, 1993) or trees (Chen et al., 1993; Combes et al., 2008) , a major difficulty arises for the validation of such an approach applied to multispecies stands (Sinoquet and Caldwell, 1995) . Indeed, due to the impossibility of carrying out direct measurements of light partitioning in mixed canopies, turbid medium-based estimations are rarely validated or only partially so through the total amount of transmitted radiation reaching the soil (Faurie et al., 1996) . Such limitations could be tackled by using surface-based approaches (Chelle and Andrieu, 1999) which model the canopy structure through realistic three-dimensional (3-D) representations in which individual plant architecture is explicitly described as a collection of interconnected phytoelements, including their geometry and optical properties (Godin, 2000) . Thus, canopy heterogeneities are explicitly taken into account when simulating radiative exchanges on these architectural models. Magnetic 3-D digitizing appeared to be the most suitable technique for collecting information on plant architecture prior to in silico reconstruction (Moulia and Sinoquet, 1993) . Herbaceous mixtures therefore appeared to be a relevant case for study as they are accessible to these kinds of measurements; this is particularly so for grasslegume intercrops, which are widely used because of their strong agronomical interests (Ofori and Stern, 1987; Tsubo and Walker, 2004) .
The aim of the present study was to assess the ability of the turbid medium approach to accurately estimate light partitioning within mixed canopies. The turbid medium assessment was conducted on a contrasted range of grass -legume intercropping systems, which display various LAI and height ratios, at different stages of the growing cycle and with contrasted row structures. For this purpose, we considered three kinds of mixtures: (1) an annual mixture of wheat and pea (WP), and two perennial mixtures of (2) tall fescue and alfalfa (FA), and (3) tall fescue and white clover (FC). For each mixture, mini-stands were digitized to provide accurate 3-D descriptions of the canopy structure. Benchmark estimates of mixture light interception efficiencies were obtained from a radiation model based on the projective method applied on the 3-D reconstructed canopies. These reference results were then compared against the computations derived from a turbid medium model.
MATERIALS AND METHODS

Plant material and growing conditions
Some descriptors of the mixed canopies used for this study are presented in Table 1 . Detailed descriptions are given below.
Wheat -pea mixtures. Intercropped wheat (Triticum aestivum L. 'Apache') and pea (Pisum sativum L. 'Lucy'; aphylla type) were grown in 80 × 60 × 30-cm containers in a greenhouse experiment from 1 February 2010 to 15 April 2010 in Angers, France (47827 ′ N, 00832 ′ W). Containers were filled with a soil layer of 25 cm, providing 3 g m 22 of NO 3
2
. The soil was then enriched with 3 . 5 g m 22 NH 4 NO 3 at the sowing date and at 850 degree days (DD) from emergence to avoid any N-limitation for plant development. To ensure pea nodulation, each container was inoculated with a solution of Rhizobium leguminosarum P221 at 2 × 10 7 bacteria per plant. Plants were sown at (1) three relative densities, i.e. the percentage of each species varied so that each treatment had the same absolute density, and (2) at two different row arrangements. Each sowing pattern was repeated twice, hereafter denoted '_1' and '_2' as in Table 1 . The first three treatments consisted of four alternative rows of wheat and pea sown at different proportions of their optimal density practised in pure stands: (1) 50 % wheat and 50 % pea (W50 -P50 Alternate Row), (2) W30 -P70 and iii) W70-P30. The fourth treatment also consisted of 50 % wheat and 50 % pea but, in contrast to treatment 1, plants were mixed within each row (W50 -P50 Mixed Row). We considered that the optimal density was 250 plants m 22 for wheat and 90 plants m 22 for pea.
Tall fescue -alfalfa mixtures. A second mixture (FA) consisted of a 50 : 50 alfalfa (Medicago sativa L. 'Orcha') and tall fescue (Festuca arundinacea Schreb. 'Noria') mixture following an hexagonal lattice for planting, with each individual surrounded by three individuals of its own species and three of the other species (Fig. 1) . Such a pattern produces a stand where all plants are equidistant and aggregated by species in rows (Harper, 1961) . Two planting densities were studied corresponding respectively in the field to a crowding plant population density shortly after emergence (hereafter HD for high density, 460 plants m
22
) and an old stand once self-thinning has occurred and the population density has stabilized (hereafter LD for low density, 50 plants m Leaf area index and coefficients of variation of its horizontal distribution are given for each species belonging to wheat-pea (WP), tall fescue-alfalfa (FA) and tall fescue-clover (FC) mixtures. Sowing densities of FC mixtures were not available (NA) in the original article of Sonohat et al. (2002) .
Three-dimensional digitizing of canopies and virtual reconstructions
Canopy architecture of each mixture was digitized using a 3-D digitizer (3Space Fastrak, Polhemus Inc., Colchester, VT, USA; Polhemus, 2009) . Spatial coordinates as well as each phytoelement orientation were collected with 3A software (Adam et al., 1999) and encoded as Multiscale Tree Graphs (MTG) (Godin and Caraglio, 1998) . Data from digitizing were then imported into the Openalea platform (Pradal et al., 2008) where the foliage of each species was reconstructed, thus excluding the other phytoelements in light interception computations, i.e. sheaths, stems and tendrils. These 3-D mock-ups allowed us to provide accurate descriptions of the canopies structure (spatial distribution of LAI) and geometric features (leaf inclination).
Wheat -pea mixtures. Three digitizations were carried out during the growing period at 300, 685 and 1100 DD from emergence (base temperature 08C). Wheat plants were digitized as a succession of sheaths on which lamina are branched. Then, untouched lamina were described by successive pointing out along the midribs, thus keeping their natural bearing. Pea plants were digitized as a succession of internodes on which the two-stipule orientation and dimension were measured. Wheat leaves were represented as a succession of rectangles whose widths were computed according to the current position on the midrib and the maximal leaf length (Fournier et al., 2003) . For pea plants, stipules were reconstructed from a library of about 200 geometric objects stemming from photographs on which we extracted stipule shape. At the reconstruction time, geometric shapes were then (1) attributed according to the relative phytomer number of the considered stipule and (2) resized and reoriented according to the information stored during the digitization.
Tall fescue-alfalfa mixtures. For each FA stand, 3-D magnetic digitizations were performed at two stages of development (670 and 1150 DD after emergence, base temperature 48C), corresponding to the first two cuts of the mixture at alfalfa early bloom. All plants over soil areas of about 1400 cm 2 (LD) and 900 cm 2 (HD) in the centre of the stand were recorded. For tall fescue, the digitization and reconstruction procedures were the same as for wheat (see above). Alfalfa plant description was also similar to pea, except that main leaf leaflets, instead of stipules, were recorded. Leaflet widths were measured on a sub-sample of phytomers of each plant only. These direct measurements were used to build up plant-specific allometric relationships considering both leaflet length and phytomer position on the stem as predictors of leaflet width.
Tall fescue -clover mixtures. Experimental data were obtained from Sonohat et al. (2002) where three plots of the FC mixture (0 . 17 × 0 . 10 m), denoted '_1', '_2' and '_3' in Table 1 , were digitized at 49, 62 and 75 d after sowing. The digitizing protocol used by the authors was similar to those described above for WP and FA mixtures; more details are given in Sonohat et al. (2002) . Tall fescue virtual plants were then reconstructed in the same way as in FA mixtures. Clover leaflets were treated as for alfalfa with an adapted geometric shape.
Estimation of LIE in virtual canopies: reference model
Benchmark estimates of light interception efficiency for each stand were computed on VEGESTAR software (Adam et al., 2002 ), a radiation model based on the projective method, disregarding multiple scattering and assuming leaves as black bodies. Input files containing information on plant structure, were derived from the stand reconstructions obtained on the Openalea platform. Computations were performed assuming only diffuse radiations, which were approximated by a set of light sources from a sky vault discretized in 46 solid angle sectors (Den Bulk, 1989) , including eight zenith angles (9 . 23, 10 . 81, 26 . 57, 31 . 08, 47 . 41, 52 . 62, 69 . 16 and 908) . LIEs were computed for each direction and then integrated over the sky vault by summing up the 46 directional values. The contribution of each sky sector to the incoming light energy was weighted according to the Standard Overcast sky radiation distribution where sky luminance depends only on elevation (Moon and Spencer, 1942) . Thus, the weighting factor, R a , is given by:
where l is the sky area altitude and R d is the diffuse radiation integrated over the sky dome. To avoid border effects, virtual stands were virtually replicated in all directions according to their sowing pattern.
Turbid medium-based model
Light interception efficiencies estimated from the virtual plant models were then compared with the outputs of a turbid medium-based model. Numerous models using the turbid medium analogy are available in the literature, mainly contrasted by their representation of vertical structure of the canopy. In the present work, we used the turbid medium model SIRASCA (Sinoquet et al., 1990) , which aims to compute light partitioning in mixed canopies. This model is assumed to provide accurate estimates of light interception and has been validated on a large range of canopies and also against other models (Sinoquet et al., 2000) . This model computes light interception in multispecies canopies from the species LAI and mean leaf inclination angle. Leaf inclinations (a) are used to compute the extinction coefficients (k) by the relationship (Sinoquet et al., 2000) :
SIRASCA was set to gradually account for vertical heterogeneity of the foliage, i.e. the canopy was described with either one, two or ten layers, which respectively correspond to the maximal height of the whole canopy, the maximal height of each species and the maximal height of the canopy divided in ten equal layers. SIRASCA inputs such as LAI and mean leaf inclination (eqn 2) for each species were extracted from the 3-D virtual stands.
Statistical analysis
Assessment of the turbid medium approach was based on two criteria: (1) the mean bias of the predictions (MBP) and (2) the root mean squared deviation of the predictions (RMSDP). For each variable, MBP was calculated as the difference between the n pairs of values predicted by (1) the virtual stand-projective method (vpp), taken as a reference, and (2) the turbid medium-based model (tmp), such that:
Significant deviations from zero MBP were assessed based on a t-test by using the UNIVARIATE procedure of SAS 9 . 2 (SAS Institute, Cary, NC, USA). The RMSDP for each variable was estimated as:
RESULTS
Stand mock-ups Figure 2 shows views of some reconstructed 3-D virtual mixtures presented in the horizontal direction.
Characterization of the mixture structures and light partitioning among component species (Fig. 3) . Two cases could be distinguished among these triangular profiles. In the first case, most of the foliage is located in the upper layers of the canopy, such as the vertical profiles of LAI exhibited by tall fescue plants (in FA and FC) where the maximal amount of leaf area is located above the middle of the stand's height. In the second case, most of the foliage is located in the lower layers of the canopy. This was particularly the case for wheat (e.g. W70 -P30_1100DD_1, W50 -P50A_685DD_1). The LAI of legume species within the FA stands grown at high density and the FC swards (alfalfa and clover, respectively) also followed triangular profiles with variations of LAI between layers ranging from 0 . 05 to 0 . 80 m 2 m
22
. In contrast, vertical distributions of alfalfa LAI grown at low density followed a rectangular pattern, as
Wheat -pea
Tall fescue -alfalfa Tall fescue -clover observed for pea plants within WP stands. Differences in component species height were also contrasted according to the mixtures. Height ranged from 100 to 400 mm for grass species and from 70 to 600 mm for legumes. Wheat and pea plants did not show any marked difference in height whereas in FC mixtures tall fescue plants overtopped clover by 50-100 mm. The strongest vertical stratification, however, was observed in the FA swards where (1) alfalfa largely overtopped tall fescue plants by 100-300 mm, and (2) 50-90 % of the alfalfa foliage was located in the upper layer of the canopy. Figure 4 shows typical horizontal distributions of LAI in different mixtures. Coefficients of variation (CV) of the horizontal distribution of LAI ranged from 0 . 17 to 1 . 35 for grasses and from 0 . 12 to 2 . 80 for legumes (Table 1) . Highest values of CV were observed for wheat (mean + s.d. 0 . 79 + 0 . 26) and for pea (1 . 41 + 0 . 72). As a result, WP stands exhibited the most marked row arrangement as the CV of the WP mixture was 0 . 63 + 0 . 22 (see typical profiles in Fig. 4) . Similar profiles were observed in the FA swards grown at low density (mean CV ¼ 0 . 70 + 0 . 16 for tall fescue and 0 . 88 + 0 . 11 for alfalfa) although their CV was lower than for the WP mixtures (0 . 32 + 0 . 02). In contrast, horizontal heterogeneities were lower in the FA swards grown at high density (0 . 13 + 0 . 06) as well as for the FC stands (0 . 27 + 0 . 10).
Mean leaf inclination. Leaf inclinations of grass species ranged from 37 . 1 to 58 . 38 while for legumes it ranged from 27 . 2 to 42 . 48, thus reflecting the more planophile distribution of legume leaves (Table 2) . Extinction coefficients (k) were 0 . 72-0 . 88 and 0 . 84-0 . 93 for grass and legume species, respectively. Within FA stands, component species exhibited distinct leaf inclination as tall fescue foliage was more erect (53 . 4 + 2 . 08, k ¼ 0 . 76) than alfalfa (42 . 4 + 6 . 78, k ¼ 0 . 84) regardless of density and stage of development. The most marked difference in species leaf inclination was found in the FC mixtures where mean leaf inclination was 58 . 3 + 4 . 58 for tall fescue versus 27 . 2 + 6 . 48 for clover, the latter therefore displaying planophile leaves (extinction coefficient reached 0 . 93). In contrast, the WP mixtures did not show any marked differences between the mean leaf inclination of the two component species, 37 . 1 + 5 . 48 (k ¼ 0 . 88) and 36 . 0 + 3 . 18 (k ¼ 0 . 88) for wheat and pea, respectively. Moreover, vertical profiles did not show any clear variation in mean leaf inclination as a function of canopy height (data not shown).
Species contribution to canopy LAI and light interception
Mixtures exhibited contrasted ratios of grass/legume LAI as well as light partitioning levels, thus covering a large range of Table 1 for an explanation of the labels inside the individual graphs. Vertical profiles of LAI are noted for grass (dashed lines) and legume (solid lines) species.
possibilities (Fig. 5) Table 1 for an explanation of the labels inside the individual graphs. Horizontal profiles of LAI are noted for grass (dashed lines) and legume (solid lines) species where each value was normalized according to (1) the distance of the first row and (2) the maximal LAI of the overall mixture. Extinction coefficients were derived from eqn (4). LAI ranged from 38 . 84 to 76 . 97 %, which therefore intercepted 48 . 18-98 . 69 % of incident light. In some cases, similar values of LAI were measured between the two component species. As shown in Table 1 , the contribution of each component species to the overall LAI in W30-P70 at 685 and 1100 DD, F50-A50_670DD_HD and FC_62_2, was equivalent, leading to equivalent levels of light interception (grass interception ranged from 46 . 21 to 63 . 31 %).
In the case of WP and FC mixtures, points were slightly distributed below the 1 : 1 line whereas most of FA points were markedly located further from this line, in particular for HD mixtures.
Virtual canopies vs. turbid medium approach
The ability of the turbid medium-based approach to estimate LIE of each species was assessed against a 3-D virtual plantsbased approach (reference model). The turbid medium approach was set to gradually take into account the vertical distribution of the foliage by considering the canopy as a single layer (Fig. 6A) or by dividing the canopy into two (Fig. 6B ) or ten horizontal layers (Fig. 6C) . Figure 6 shows that the turbid medium approach was tested on a wide range of LIEs for both grass and legume species, ranging from 0 . 01 to 0 . 86 and from 0 . 01 to 0 . 99, respectively. The overall estimation of legume LIE by the turbid medium approach was unbiased whereas those for grass species were overestimated (maximal bias reaching -0 . 05). Predicted LIEs of the soil were significantly underestimated (maximal bias ¼ +0 . 05).
When using the one-layered option (Fig. 6A) , RMSDP was 0 . 08 and 0 . 06 for grass and legume components, respectively. For WP and FC mixtures maximal bias (Table 3) reached -0 . 05 for grass species (RMSDP ¼ 0 . 06 and 0 . 07 for wheat and tall fescue, respectively) and -0 . 01 for legume components (RMSDP ¼ 0 . 02 and 0 . 04 for pea and clover, respectively). Strong discrepancies were observed for the FA swards as maximal bias reached -0 . 16 for tall fescue (RMSDP ¼ 0 . 18) and +0 . 14 for alfalfa (RMSDP ¼ 0 . 14). Maximal deviation was observed for FA stands grown at high density as LIE of tall fescue plants was overestimated by 0 . 28 and 0 . 21 for F50-A50_670DD_HD and F50-A50_1150DD_HD, respectively. It could represent up to 17 times the LIE estimated by the reference model. For these two mixtures, alfalfa LIE was underestimated by 0 . 27 and 0 . 22, respectively.
Considering the canopy as two layers (Fig. 6B ) reduced RMSDP by 0 . 01. This was particularly the case for the FA swards as bias decreased by 0 . 04 for tall fescue (RMSDP ¼ 0 . 15) and 0 . 05 for alfalfa (RMSDP ¼ 0 . 14). This improvement in the LIE prediction of FA mixtures was particularly marked for F50-A50_1150DD_HD. In contrast, in some cases, there was no improvement in the LIE prediction compared with the . The turbid medium model was assessed by describing the canopy as one, two or ten layers (rows, as indicated). Estimations were made on three mixtures: wheat-pea, tall fescue-alfalfa and tall fescue-clover (as indicated in the first graph) at different densities and stages of development (see Table 1 ). Five outliers are highlighted.
one-layered model (e.g for F50-A50_670DD_HD or FC_49_1). In other cases, description of the canopy in two layers even led to a worse estimation of LIE, in particular for FC mixtures (bias ¼ -0 . 06, RMSDP ¼ 0 . 07; bias ¼ +0 . 01; RMSDP ¼ 0 . 03; for tall fescue and clover, respectively). Although these discrepancies were slight (mean deviation of 9 . 10 × 10 24 + 0 . 001), they were observed in 42 . 10 % of the overall mixtures.
Discretization of the canopy into ten small layers (Fig. 6C ) produced the best estimation of LIE, very close to the reference model regardless of species, density or mixture stage of development (bias ≤ |0 . 05|, RMSDP ¼ 0 . 04). The improvement of LIE estimation was particularly marked for the FA swards as the RMSDP decreased by 80 . 46 and 75 . 81 % compared with the one-and two-layered options, respectively. The highest improvement was observed for stand F50-A50_1150DD_HD. In a few cases, however, increasing the vertical description of the canopy to ten layers did not lead to any improvement of LIE estimation, as observed for some tall fescue plants within the FC mixtures (e.g. for FC_49_1).
DISCUSSION
We assessed the turbid medium-based approach for its capacity to accurately estimate LIE of intercropped plants. We studied two different types of species, grasses and legumes, which exhibited contrasted structures and abilities to capture light. Their structural characteristics allowed us to challenge some of the turbid medium assumptions.
Variability in mixture structure, plant architecture and light partitioning among components As reported by several authors (e.g. Sinoquet and Caldwell, 1995) vertical dominance among components of mixed crops is of upmost importance for light partitioning. In the present study, mixtures exhibited contrasted differences in the height of component species, thus leading to various levels of vertical stratification. We described canopies with equivalent height between component species as well as mixtures where one of the species overtopped the other, either the grass or the legume component. Although these mixtures were grown in controlled conditions, their structures were realistic as they represent several forms of intercropping encountered in agricultural systems. This variability can be understood based on the classification proposed by Malézieux et al. (2009) as we described a row mixture of annual crops and two other intercropping systems of perennial species with contrasted levels of row structure and vertical stratification. The FA mixture is close to structures encountered in agroforestry systems (Malézieux et al., 2009) .
Variability in mixture structure also results from the vertical distribution of leaf area. Grass species, clover and alfalfa, generally exhibited triangular distributions of their leaf area, as already reported in several monospecific grass canopies (Ross, 1981) and in grass -clover mixtures (Nassiri et al., 1996; Lantinga et al., 1999; Sonohat et al., 2002) . These actual vertical profiles of LAI are not in agreement with the assumption of a regular distribution commonly used in studies dealing with light interception. Such disagreements were noted by Schulte and Lantinga (2002) . In contrast, regular profiles of vertical LAI distribution were observed for pea and some alfalfa plants.
In addition to the LAI distribution, leaf inclination is the second basic parameter used to characterize a plant's ability to capture light (Sinoquet and Caldwell, 1995) . In the intercropping systems described, there were mixtures exhibiting equivalent leaf inclinations between their components as well as species with contrasted leaf inclination. Leaf inclinations for each species were consistent with previous studies on monospecific canopies as reported by Ross (1981) , except for wheat leaves for which inclination was lower in the present study. Such differences in leaf inclinations could be the result of species plasticity in response to a multispecific environment compared with monospecific conditions.
As a result of species differences in height, foliage dispersion and inclination, various abilities for light interception and levels of competition for light were observed. Indeed, we described two canopies where the grass was the dominant species and one sward where the legume captured most of the incident light. Whatever the mixture considered, species dominance in terms of light interception was mainly the result of their contribution to overall LAI of the mixture. This was particularly the case for grass species whose lower ability for light interception, due to erectophile foliage, was counterbalanced by their aptitude to develop a large leaf area and/or by their vertical dominance (Sonohat et al., 2002) . Grass-legume mixtures where the grass component is dominant have been widely described and are often considered to be more productive and stable compared with mixtures dominated by the legume component (Haynes and Brady, 1980; Louarn et al., 2010) . In contrast, mixtures dominated by a legume lead to strong levels of competition for light as their vertical dominance is enhanced by their structural ability to intercept light ( planophile leaves) (Chamblee and Collins, 1988; Louarn et al., 2010) . This was particularly the case for the FA swards where the vertical dominance of alfalfa and its high extinction coefficient were combined to give a high stand density, thus leading to a stronger interception of light by alfalfa than its relative contribution to the LAI of the mixture (Fig. 5) . Although all the mixtures used in the present work were a case of study, their structure can highlight light partitioning features in intercropping systems where direct validation with digitizing methods is not possible.
Predicting light partitioning in intercropping systems with a turbid medium-based model
Estimating light partitioning in intercropping systems with the turbid medium approach is based on the assumption that canopies are homogeneous. Here we have shown that the turbid medium approach was in good agreement with the reference model in most of the challenging range of canopy structures. However, these mixtures included structures which could be considered as heterogeneous, such as row mixtures or open-canopies whose LAI was lower than 1 m 2 m 22 and where light transmission to the soil was higher than 50 % (early growth stages). Biased estimations of LIE were therefore expected from the turbid medium approach. Similar results were reported by Sinoquet and Bonhomme (1989) in sole crops of maize sown in rows and by Tournebize and Sinoquet (1995) in heterogeneous shrub -grass mixtures whose structure allowed direct measurements of light partitioning. As mentioned by Gutschick (1991) , horizontal heterogeneities, i.e. row structures, appeared to be of less importance for estimating light interception with turbid medium-based models, as mixtures with high CV did not show significant discrepancies in regard to their LIE estimates by the turbid medium model.
The two-layered model did not significantly improve LIE estimates of the overall mixtures compared with the onelayered model. In some cases, this even led to more biased estimations of LIE compared with the one-layered model. This result underlines the importance of the definition of plant height. Indeed, layers were defined according to the maximal height of each component, which therefore account for single erected laminas with small areas that generally belonged to grass species. Although many studies dealing with light partitioning within intercropping systems were based on a two-layered turbid medium model (Ofori and Stern, 1987; Sinoquet et al., 1990; Sonohat et al., 2002; Tsubo and Walker, 2002; Awal et al., 2006) , no details were given on their definition of plant height. We suggest that layer boundaries should rather be delimited by a more 'functional' definition of plant height such as the height under which a given proportion of the foliage area may be found (e.g. 90 or 95 %). Thus, when using the turbid medium approach, leaf elements will be dispersed in a layer whose size would be closest to the actual leaf area localization.
The simplest models, with one and two layer(s), were, however, unable to estimate LIE of canopies exhibiting strong vertical stratifications combined with foliage overlapping (e.g. FA stands grown at high density). Horizontal profiles of LAI showed that in these mixtures, species appeared to be well mixed, which therefore led to high levels of interspecies foliage overlapping, referred to as between-species leaf dispersion (Sinoquet and Bonhomme, 1991) . Similar conclusions could be drawn from differences of LIE estimations between species as the turbid medium model provided better estimations of legume LIE compared with grass species. Such discrepancies could be the result of contrasted within-species leaf dispersion. Indeed, legumes generally exhibit a quasi-random dispersion of their foliage (Sonohat et al., 2002) , but which may vary along the vertical axis (Lantinga et al., 1999) . In contrast, grass leaves tended to be more clumped (Lantinga et al., 1999; Sonohat et al., 2002) so, by using the turbid medium analogy, foliar elements of grasses are considered to be randomly dispersed, which therefore 'artificially' increases grass LIE. It therefore appears that light partitioning within this kind of canopy structure cannot be satisfactorily simulated by the turbid medium approach, unless a more detailed description of the canopy is provided, which improves the consideration of species height and foliage interpenetration. As a result, the ten-layered model gave predictions very close to the reference model, as the remaining bias was lower than |0 . 03| for grass and legume species. However, the impact of such small cumulative errors on a predictive model of biomass accumulation remains to be assessed.
Apart from the limitations discussed above, our results show that description of just the vertical stratification is enough to predict light partitioning with a turbid mediumbased model in a wide range of intercropping systems and stages of development. However, these conclusions were drawn from results obtained with one of the most complex and detailed turbid medium-based models (SIRASCA) dealing with light partitioning within mixed canopies (Sinoquet et al., 2000) . Moreover, increasing the vertical description of canopies (i.e. the number of horizontal layers) would require tedious and time-consuming measurements; for example, the ten-layered model used in the present paper would have required us to measure leaf area and inclination of each species every 1 . 5 -6 cm, depending on mixture height.
Contribution of models based on explicit 3-D description of plant architecture
As reported in most studies using the turbid medium approach, canopies were characterized only by their leaf area. To compare the two models on similar canopy structures, stems (or sheaths for grass species) were therefore not taken into account for both SIRASCA and 3-D virtual plant models although they represent a significant part of the plant area. The use of structural plant models in future works would therefore allow us to quantify the interception of light by stems/sheaths while the cylindrical shape of these organs and their erected bearing require implementation of complex rules in turbid medium-based models. However, as proposed by Da Silva et al. (2008) , modelling frameworks must be developed to identify a level of plant/organ description that achieves a good compromise between the amount of measurement required to describe the plant architecture (which is also associated with the computation time) and the quality of the resulting light interception model.
Light partitioning within intercropping systems is a crucial issue for studying the dynamics of the system's component species growth. These dynamics result from complex interactions involving the interception of light. In the present study, structural and static plant representations coupled to radiative transfer models were used to characterize light partitioning among component species. Moreover, these spatially explicit representations of plant architecture also offer the possibility to be dynamically coupled with functional models (e.g. photosynthetic functions) thus resulting in functionalstructural plant models. As these models could be uses at several scales (stand, plant or organ level), they therefore have the ability to integrate the effects of microclimate variations on plant growth, allowing us to study feedback between plant structure, plant function and microclimate (Godin and Sinoquet, 2005; Vos et al., 2010) . Apart from recent studies on a mixture of two perennial species (Sonohat et al., 2002) , on an integrated legume-weed system (Cici et al., 2008) and on coconut agroforestry systems (Dauzat and Eroy, 1997; Lamanda et al., 2008) , most previous works devoted to estimating light partitioning within intercropping systems used the turbid medium approach by describing the canopy in one or two horizontal layers (Faurie et al., 1996; Lantinga et al., 1999; Tsubo and Walker, 2002; Tsubo et al., 2005; Awal et al., 2006) . However, due to experimental constraints inherent to multispecies canopies, these models were not directly validated. As proposed in the present study, 3-D virtual models which explicitly describe plant architecture therefore appeared to be a convenient tool for the assessment of turbid medium models dealing with light partitioning in intercropping systems. Therefore, 3-D structural models, either static or dynamic, remain a complex but efficient tool for studying light partitioning within multispecies stands in order to improve the complementarity between the mixed crops or, by contrast, to analyse/ develop more competitive cultivars to improve the management of weeds (Cici et al., 2008) . Moreover, such models could also be used to generate virtual experiments suitable for the assessment of the turbid medium approach on other existing intercropping systems or in the framework of theoretical and exploratory studies.
